[1] We measured light absorption in 42 marine snow, sea ice, seawater, brine, and frost flower samples collected during the OASIS field campaign between February 27 and April 15, 2009. Samples represented multiple sites between landfast ice and open pack ice in coastal areas approximately 5 km west of Barrow, Alaska. The chromophores that are most commonly measured in snow, H 2 O 2 , NO 3 À , and NO 2 À , on average account for less than 1% of sunlight absorption in our samples. Instead, light absorption is dominated by unidentified "residual" species, likely organic compounds. Light absorption coefficients for the frost flowers on first-year sea ice are, on average, 40 times larger than values for terrestrial snow samples at Barrow, suggesting very large rates of photochemical reactions in frost flowers. For our marine samples the calculated rates of sunlight absorption and OH production from known chromophores are (0.1-1.4) Â 10 14 (photons cm À3 s À1 ) and (5-70) Â 10 À12 (mol L À1 s À1 ), respectively. Our residual spectra are similar to spectra of marine chromophoric dissolved organic matter (CDOM), suggesting that CDOM is the dominant chromophore in our samples. Based on our light absorption measurements we estimate dissolved organic carbon (DOC) concentrations in Barrow seawater and frost flowers as approximately 130 and 360 mM C, respectively. We expect that CDOM is a major source of OH in our marine samples, and it is likely to have other significant photochemistry as well.
Introduction
[2] The absorption of sunlight by chromophores (lightabsorbing species) on/in snow grains in the photic zone of the snow initiates photochemical reactions that can lead to the destruction of species in the snowpack (e.g., O 3 and organic carbon) as well as the release of a suite of compounds to the atmospheric boundary layer (e.g., NO x , HONO, H 2 O 2 and CH 2 O) [Grannas et al., 2007, and references therein] . To understand and quantify photochemistry in snow we must identify and quantify the major chromophores, as well as determine photon fluxes in the snowpack [Domine and Shepson, 2002; Domine et al., 2008, and references therein] . The dominant sunlight-absorbing species in snowpacks are the ice of snow grains [Warren and Brandt, 2008] and insoluble impurities such as soot and soil dust [Doherty et al., 2010] , while soluble species such as Humic-Like Substances (HULIS) can also be important [France et al., 2012; . While sunlight absorption by ice and soot is important for the radiative balance of snowpacks, most of this absorption is at less-energetic wavelengths (i.e., at longer visible wavelengths and into the infrared) and thus probably does not lead to chemical reactions nor contribute significantly to snow photochemistry. Soluble impurities, on the other hand, account for only a small portion of the sunlight absorbed by snowpacks, but play major roles in initiating snowpack photochemistry. For example, photolysis of nitrate (NO 3 À ) and nitrite (NO 2 À ) in snow releases NO x (NO + NO 2 ) from snowpacks, while nitrate photolysis, perhaps especially in the presence of organic/humic material, can lead to the release of HONO [Beine et al., 2006 [Beine et al., , 2008 Grannas et al., 2007, and references therein; Anastasio and Chu, 2009; Bartels-Rausch et al., 2010] . However, with the exception of three major chromophores that have been identified in snow -NO 3 À , NO 2 À and H 2 O 2 -we know little about the identities of snow-grain chromophores, their contributions to light absorption, or their chemistries.
[3] In a companion paper we explored soluble chromophores in 500 terrestrial snow samples collected near Barrow, AK during the Ocean -AtmosphereSea Ice -Snowpack (OASIS) campaign in 2009. H 2 O 2 , NO 3 À , and NO 2 À made minor contributions to sunlight absorption by soluble species (together accounting for <9%, typically), while HULIS and unknown chromophores each accounted for approximately half of the remaining sunlight absorption. We identified four main sources of the "residual" soluble chromophores (i.e., species other than H 2 O 2 or NO 3 À ) in these terrestrial snow samples: (1) species from vegetation and organic debris, which were most important in the lowest 20 cm of the snowpack, (2) marine inputs, which were associated with high Cl À and SO 4 2À contents, (3) deposition of diamond dust, small ice crystals in the atmosphere that precipitate in the absence of clouds, to surface snow, and (4) gas-phase exchange between the atmosphere and surface snow layers. To complement these data on terrestrial snows, in this paper we turn our attention to marine snow, ice, brines, and frost flowers collected from the Barrow area during the same OASIS campaign.
[4] In part we are interested in frost flowers and other marine samples because of their potential roles in Arctic atmospheric chemistry. For example, springtime ozone and mercury depletion events in the Arctic are catalyzed by halogens, particularly bromine [Barrie et al., 1988] . BrO is one of the key bromine species in these reactions, and BrOrich air masses are typically of marine origin, connected to marine ices, brines, and frost flowers [e.g., Simpson et al., 2007a, and references therein] . The chemical composition of frost flowers on the sea ice near Barrow and their impact on ozone and mercury chemistry is discussed by Douglas et al. [2012] .
[5] In addition to snow on marine ice, we discuss here chromophores in seawater, nilas, sea ice, brine, and frost flowers. This is the first time that light absorption has been determined in brine and frost flower samples. Nilas, the first sea ice to form on the ocean surface in calm water, is a skim of separate crystals which initially are in the form of tiny discs, floating flat on the surface. The sea ice in our samples is first-year ice of up to 1 m thick. Brine is fractionated seawater that is transported upward through ice-grain boundaries and toward the cold ice surface by the thermomolecular pressure gradient [Martin et al., 1996] , where it forms slush with up to three times higher salinities than seawater [Simpson et al., 2007b] . Frost flowers are feathery, delicate ice crystals that grow over refreezing sea-ice leads. They consist of a crystalline skeleton that is formed within hours by condensation on brine nodules in the cold, humid atmosphere in the marine environment Douglas et al., 2008] . Brine is continuously wicked up into the frost flower crystal lattice from the sea-ice surface (this early stage is here termed "wet frost flowers") until the brine is exhausted and the sea-ice surface dries out (resulting in "aged frost flowers," not to be confused with "dry" frost flowers that are the stage prior to wicking of brine as described in the literature [Domine et al., 2005 , Douglas et al., 2012 ); this wicking causes high concentrations of halogens and other trace species in the frost flowers. Vapor phase deposition to the frost flower surface continues, reducing the initially high major element and salinity concentrations over time (to form "old frost flowers"), and eventually the frost flowers are entrained in winds, covered by snowfall or flooded with seawater.
[6] For Barrow terrestrial samples we showed that aquatic and terrestrial humic and fulvic compounds and HULIS contribute significantly to the observed light absorption . Similarly, all natural waters, including ocean water contain "colored (or chromophoric) dissolved organic matter" (CDOM), which is one of the most important natural sunlight-absorbing classes in surface waters [Zanardi-Lamardo et al., 2004; Coble, 2007, and references therein] . Historically, CDOM was first described by the oceanographic community as "yellow substance" (Gelbstoff) [e.g., Kirk, 1976] . Thus, the yellow color (absorption in the visible) was an essential defining attribute of these chromophores. Today, CDOM is operationally defined as the component of total dissolved organic matter (DOM) that absorbs light over a broad range of visible and UV wavelengths. The composition and structure of CDOM may be derived from aquatic and terrestrial humic and fulvic compounds, which contain lignins, phenols, and other plant degradation products, and also from polymerization of sugars, amino acids and peptides, and other small molecules in the ocean [Coble, 2007] . These broad classes of compounds (humics, HULIS, CDOM) are operationally defined and have somewhat different light absorbing properties, structure and composition [e.g., Graber and Rudich, 2006; Green and Blough, 1994] . The wavelength-dependent absorption coefficient of CDOM can be used to estimate a multitude of properties of a given sample. For example, it has been proposed that CDOM absorption is correlated to dissolved organic carbon (DOC) content [e.g., Mannino et al., 2008] , molecular weight [e.g., Peuravuori and Pihlaja, 1997] , fluorescence [e.g., Green and Blough, 1994] and sources [e.g., Helms et al., 2008; Stedmon et al., 2011] .
[7] To quantify and characterize light absorption by soluble chemical species in marine snow and ice, we recently made measurements of light absorption and soluble chromophores as part of the international, multidisciplinary Ocean -Atmosphere -Sea Ice -Snowpack (OASIS) campaign in Barrow, Alaska. We are interested in the sources, nature, and photochemistry of unidentified chromophores, especially those that absorb the most energetic wavelengths of tropospheric sunlight (which we consider here as 300 to 450 nm), as these photons likely drive snowpack photochemistry. For the OASIS campaign we had the following goals: a) determine light absorption in marine brine and frost flower samples for the first time, (b) quantify the contributions and relative importance of individual known (H 2 O 2 , NO 3 À , and NO 2 À ) and "residual" chromophores, which appear to be mostly CDOM, (c) compare the sunlight absorption of various marine samples, (d) calculate OH production rate in these samples, and (e) consider unknown chromophores and their possible effects on polar photochemistry.
Methods

Sample Collection and Light Absorption Measurement
[8] We collected a total of 42 marine samples during the OASIS field campaign between February 27 and April 15, 2009 at multiple sites between landfast ice and open pack ice in coastal areas approximately 5 km west of Barrow. This set consisted of marine snow (N = 15), sea ice (10), seawater (3), brine (3), nilas (1), and frost flower (10) samples. As described by Douglas et al. [2012] the three frost flower types represent different stages in the continuum between wet briny sea ice with initial frost flower growth ("wet frost flowers") to further flower growth on an increasingly drying sea-ice surface ("aged frost flowers"), to flowers increasingly being coated with vapor phase deposition ("old frost flowers"). Undisturbed samples were collected as described by Domine et al. [2004] , using polyethylene gloves to avoid contamination. Samples were collected directly into precleaned 100 mL Schott glass bottles. Air temperatures remained below À20 C during sampling. The 10 sea-ice samples described here are from a cross-section of a 1-m sea-ice slab. A slab was cut and removed from the ice, and samples were taken every 10 cm and processed as all the other samples. All samples were immediately placed at À20 C after collection and similarly stored for up to 2 days, if necessary, before measuring light absorption. We measured the light absorption coefficients of our samples using a Deuterium Lamp (D2H, WPI), a 100-cm liquid wave core guide (LWCC) (WPI) and a TIDAS 1 (J&M) spectrometer. The analytical method and data treatment are described in detail by and are only discussed briefly here. Samples were slowly melted (in the capped bottles) immediately prior to light absorption measurements. We introduced all melted samples and blanks (at room temperature) into the LWCC after filtering through an inline 0.22 mm Teflon disposable syringe filter (Cameo), and we recorded spectra between 220 and 600 nm. Before and after each sample spectrum a reference spectrum of purified water was recorded as blank. Our purified water ("MQ") was obtained from the Barrow Arctic Science Consortium's (BASC) Milli-Q Plus system (≥18.2 MW cm). Our measured absorption values were well above the 10-s quantification level, which was on the order of 0.5 Â 10 À3 m À1 . Our marine spectra frequently showed a negative baseline offset at wavelengths above 500 nm; we corrected these spectra by adding the absolute value of the minimum extinction coefficient between 500 and 600 nm to the entire spectrum. The median offset for the marine spectra was 5.5 Â 10 À3 m À1 , which introduces a relative error to our spectra of less than 1% at wavelengths below 320 nm, up to 10% at 500 nm, and up to 60% at 540 nm and higher.
[9] We determined the wavelength-dependent light absorption coefficient a l for each sample by normalizing the measured absorbance (A l ) of the melted sample by optical path length (l), i.e., a l = A l /l, where the absorbance of the solution is defined as A l = log 10 (I 0 /I) at wavelength l. As discussed by , we see no evidence that scattering contributes significantly to light extinction in our samples, which were filtered.
Absorption Due to Residual Chromophores
[10] The sample light absorption coefficient (a l ) at a given wavelength is the sum of the absorption coefficient contributions from all chromophores at that wavelength. We determined the contributions of three chromophoresnitrate, nitrite, and hydrogen peroxide -in our snow sample absorption spectra by using values of ɛ i,l (the base-10 molar absorptivity of the chromophore at wavelength l from Beine et al. [2011, and references therein] ) and measured concentrations of NO 3 -, NO 2 À , and H 2 O 2 in each sample.
[11] For each sample we determined the "residual" absorption coefficient by subtracting the NO 3 -, NO 2 -, and H 2 O 2 contributions from the measured total absorption coefficient:
[12] To simplify discussion of our results, we calculated two sums from the wavelength-dependent absorption coefficients in a given sample: (1) a sum over the full wavelength range of our measurements, i.e., 220 to 600 nm) and (2) a sum over the photochemically active wavelengths, which we consider 300 to 450 nm. In each case we summed absorption coefficients at integer wavelengths, essentially integrating over the absorption spectrum for each wavelength range [Anastasio and Robles, 2007] . These sums are expressed as Sa l for the total light absorption coefficient (i.e., due to all chromophores), and Sa l (residual) for the light absorption due to all chromophores except H 2 O 2 , NO 2 À , and NO 3 À .
[13] Based on our spectra it appears that the residual absorption coefficient, a l (residual), in marine samples is dominated by colored (chromophoric) dissolved organic matter (CDOM). The composition, structure, and light absorbing properties of CDOM change significantly with the origin of the material [Coble, 2007] . Further, not all humic components are colored, and not all CDOM is isolated using humic substance extraction techniques. In addition, the absorption and fluorescence spectra of CDOM extracted from seawaters differ significantly from those of CDOM in the original water matrix, demonstrating that isolated CDOM is not representative of CDOM present in aquatic systems [Green and Blough, 1994] . Because we did not isolate CDOM in our samples, we cannot simply subtract a "CDOM" fraction from a l (residual), as we did for HULIS with terrestrial snow samples from Barrow . Our analysis (see below) therefore employs methods that are more commonly applied to oceanography. The shape of the absorption spectra of previously reported samples of CDOM from a variety of environments [Helms et al., 2008] is shown in the auxiliary material ( Figure S1 ) together with our residual spectra.
1 The strong similarity between these spectra suggests that CDOM dominates a l (residual) and thus we treat our a l (residual) spectra as CDOM spectra.
[14] The absorption coefficients of CDOM can be used to estimate a multitude of properties of the sample. For example, CDOM absorption at specific wavelengths (e.g., 275, 355, and 395 nm), is correlated with dissolved organic carbon (DOC) [Ferrari, 2000; Fichot and Benner, 2011] . Further, Helms et al. [2008] demonstrated that differences in the slopes of the natural log of the absorption coefficient in different wavelength ranges can be used to identify likely sources of CDOM. To perform this analysis, we determined the slope ratio (S R ) for each of our residual absorption spectra by dividing the slope from 275 to 295 nm by the slope from 350 to 400 nm:
Chemical Analysis
[15] Details of the chemical analyses of our samples are described by . Prior to measuring light absorption we melted the sample, removed two unfiltered aliquots, re-froze them immediately (À20 C), stored them until the end of the Barrow campaign (4/15/09), and shipped them to our laboratory in Davis. We analyzed one aliquot from each sample for H 2 O 2 using HPLC [Kok et al., 1995] with a detection limit of 75 nM, and one aliquot for anions using ion chromatography (IC), with a detection limit for NO 3 À of 0.77 mM. However, most of our marine samples could not be analyzed by IC because of the large interfering Cl À content, so we typically measured nitrate and nitrite using colorimetry [Doane and Horwath, 2003] . Because nitrite in frozen samples may degrade during freezing and storage [Takenaka and Bandow, 2007; O'Driscoll et al., 2008; M. Legrand, personal communication, 2011] , our NO 2 À concentrations are likely lower limits.
Sunlight Absorption
[16] The sum of the product of our measured absorption coefficients (at each integer wavelength) and the corresponding actinic flux at that wavelength is approximately equal to the rate of sunlight absorption in the marine samples [Anastasio and Robles, 2007] :
where I l is the actinic flux (photons cm À2 s À1 nm À1 ) measured at Barrow during our campaign.
OH Production Rate
[17] To assess the photochemical activity in the marine samples due to known chromophores we calculated the primary production rate of OH radicals from photolysis of hydrogen peroxide, nitrate, and nitrite (reactions 4, 5a, and 6). We also investigated the photochemical production of nitrite from nitrate (reaction 5b).
We calculated the OH production rate, R OH,l , for each reaction using
where ɛ l is the base-10 molar absorptivity of the reactant, 6 l is the quantum yield for OH production, and i is the measured molar concentration of the reactant.
[18] The temperature dependent quantum yields for the above reactions in ice are: 6 H2O2→2OH = 2.27 + exp(À684/T) Anastasio, 2005, 2008] for reaction 4 in the quasiliquid layer; 6 HOOH→2OH = 3.859 + exp(À1244/T) for reaction 4 in a solid solution; 6 NO3À→OH+NO2 = 3.6 + exp(À2400/T) [Chu and Anastasio, 2003 ], 6 NO3À→NO2À = 0.0015 Â exp ((20/0.008314) Â Estimated average DOC concentrations for each sample type, calculated by scaling from the estimated average seawater value based on averaged light absorbance values between 250 and 400 nm (see text). It is difficult to quantify the uncertainty on these estimates, but the relative standard deviation due to sample variability should be approximately as large as the RSD value for the Sa l (residual)(300-450 nm) for that sample type. The uncertainty associated with applying the Fichot and Benner [2011] relationship to our samples is unknown, but is probably at least AE20%.
d This value was not measured, but was considered to be equal to the average Barrow terrestrial surface snow value during our campaign .
e This value was not measured, but was considered to be 1% of the nitrate value, as was typical for surface seawater in the Beaufort Sea [Simpson et al., 2007a] .
f This value was not measured, but was estimated by applying the average NO 2 À / NO 3 À ratio from our other marine samples (0.036; rel. std. deviation 82%, N = 14).
((1/263) À (1/T))) [Dubowski et al., 2002] ; 6 NO2À→OH = (y0 + a/(1 + exp((l À c)/b)))expÀ(((el + f)/R) Â (1/295 À 1/T)) where y0 = 0.0204, a = 0.0506, b = 11.2, c = 332, e = 20.5, f = 7553, R is the gas constant (8.314 J mol À1 K À1 ), and l is wavelength (nm) [Chu and Anastasio, 2007] . Rates of OH formation are reported in molar units (mol L À1 s À1 nm À1 ) since this is the typical convention in the literature.
[19] Actinic fluxes at 3 m above the snow were measured at Barrow. For our OH modeling we used the mid-day actinic flux for the day the sample was taken, and mean concentrations of inorganic soluble chromophores in the marine samples (Table 1 ; see also Douglas et al. [2012] and Domine et al. [2011] for a further discussion of these values).
[20] We explored the possibility of estimating R OH,l from CDOM light absorption. Measurements of OH production rates from CDOM water samples are described in the literature [e.g., Zhou and Mopper, 1990; Mopper and Zhou, 1990; Qian et al., 2001; Takeda et al., 2004; Grannas et al., 2006] and various correlations are shown between R OH and CDOM and/or DOC. However, these correlations hold for specific locations and actinic fluxes only, preventing their use to model OH production rates in our samples. We do, however, discuss these previously observed OH production rates below.
Results and Discussion
Marine Spectra
[21] Figure 1 shows the mean measured sample absorption spectra for our marine samples. The spectra show maximum absorption values below 245 nm and a steady, almost featureless decline with increasing wavelength to 600 nm. Values of the light absorption coefficient at 300 nm range from 0.07 m À1 for sea ice to 1.3 m À1 for frost flowers; in comparison, typical terrestrial Barrow surface snow showed an absorption coefficient on the order of 0.03 m À1 at 300 nm . Thus absorption coefficients at 300 nm Figure 1 . Mean measured absorption spectra for marine samples. The shaded areas show one standard deviation for sea-ice (N = 10) and all frost flower samples (N = 10). The x axis is split at 300 nm; the left y axis is valid for lower wavelengths, the right y axis for longer wavelengths. Notes: (1) Two different types of brines were observed; with sufficient difference that averaging would obscure their characteristics. (2) Only one Nilas sample was taken. M. surface snow = marine surface snow. Figure 2 . Ratios of measured sample absorption of marine samples to the mean terrestrial Barrow surface snow light absorption coefficient . Ratios beyond 500 nm are not shown, as beyond approximately 480 nm the Barrow surface snow absorption coefficients approach zero. Notes: (1) Two different types of brines were observed, with sufficient difference that averaging would obscure their characteristics. M. surface snow = marine surface snow. in the marine samples are 2 (sea ice) to 40 (old frost flowers) times larger than values in terrestrial snow samples at Barrow. Table 1 shows the mean summed residual light absorption coefficients (i.e., Sa l (residual)) in the ice and seawater samples; recall that residual absorption coefficients have the minor contributions from H 2 O 2 , NO 3 À , and NO 2 À removed (section 3.2). As described below, we hypothesize that the residual light absorption (i.e., the bulk of the light absorption in the samples) is due to CDOM, although other, as yet unidentified, chromophores could also be important. Values of Sa l (residual) in our marine samples (Table 1) range from 13 to 200 m À1 and from 2 to 50 m -1 for the spectral ranges of 220-600 and 300-450 nm, respectively. For comparison, the mean (AE1 relative standard deviation) values of Sa l (residual) in terrestrial surface snow samples at Barrow were 9.8 (AE49%) and 1.3 (AE62%) m À1 in these respective wavelength ranges .
[22] Wavelength-resolved ratios of the light absorption coefficients of marine samples to the mean terrestrial Barrow surface snow values are shown in Figure 2 . These ratios generally increase with wavelength, though some of the curves are nearly flat between approximately 270 and 370 nm. In the wavelength range with the greatest rates of sunlight absorption (approximately 320-420 nm; see below), light absorption coefficients for the marine samples are between 2 times (sea ice) and 45 times (frost flowers) higher than for terrestrial snow samples. Compared to the terrestrial samples, the marine samples all exhibit significantly larger absorption at long wavelengths (beyond 500 nm). This longer "tail" of the spectrum is likely due to the larger presence of light-absorbing organics in the samples (see below).
Contributions From Known Chromophores
[23] As an example of the contributions of known chromophores to light absorption, Figure 3 shows the components a l (H 2 O 2 ), a l (NO 3 À ), a l (NO 2 À ), and a l (residual) in the measured light absorption spectrum of the wet frost flowers. H 2 O 2 , NO 3 À , and NO 2 À typically each account for 1% or less of the total light absorption coefficient at wavelengths above 250 nm. In comparison, in terrestrial snows at Summit and Dome C, Antarctica, H 2 O 2 and NO 3 À were much more important, together typically accounting for 20 to 60% of sunlight absorption [Anastasio and Robles, 2007] . Our Barrow marine samples are much more similar to terrestrial snows at Barrow, where H 2 O 2 and NO 3 -were minor components of light absorption, together contributing an average of less than 5% of the summed light absorption coefficient over 300-450 nm . Even though the measured concentrations of these chromophores are larger in the marine samples, the overall absorption coefficient is so much larger that the individual chromophore contributions as a percentage are smaller than in the terrestrial snow samples. For example, while the median NO 3 À concentrations in Barrow terrestrial snow and frost flowers were 3.7 mM and 22 mM (Table 1) , respectively, NO 3 À made an insignificant (less than 1%) contribution to light absorption at wavelengths above 250 nm in both sample types. H 2 O 2 and NO 2 À were also insignificant for light absorption in the marine samples and terrestrial snows, even though their concentrations were higher in the marine samples (Table 1 ) compared to the terrestrial snow samples (median HOOH = 0.18 mM (N = 466); average NO 2 À = 0.022 mM for a limited set of samples (N = 18) ). However, since the marine samples were frozen and then stored for several weeks at À20 C prior to NO 2 À analysis, we are likely underestimating the nitrite concentrations and contributions.
[24] In exploring sources for chemical trace compounds, Douglas et al. [2012] found that a l (residual) generally increases as Cl À gets enriched in marine samples, e.g., in the transition from seawater to brines to frost flowers. We do not see analogous correlations, however, for H 2 O 2 or NO 3 À with sample light absorption. As shown in Figure S2 , different types of samples occupy different areas in the a l (residual)-[chromophore] space, which indicates that seawater is not the only source for these chromophores. This is not surprising since both H 2 O 2 and NO 3
-(e.g., as HNO 3 ) can be transferred from the atmosphere [Hutterli et al., 2004; Dibb et al., 2004] . The sources of chromophores and chemical composition of our frost flower samples, is further explored by Douglas et al. [2012] .
[25] In addition to examining light absorption coefficients as described above, we also calculated rates of sunlight absorption for our marine samples. Figure 4a shows one example for the wet frost flower sample on DOY 75 (March 16); the spectral region of maximum absorption extends from approximately 320-450 nm, but there is also a large tail that extends to 600 nm, much longer (and with higher absorption) than seen for Barrow terrestrial snows or, especially, Summit or Dome C snows [Anastasio and Robles, 2007] . The total rate of sunlight absorption in this sample is 8.1 Â 10 13 (photons cm À3 s
À1
). As shown in Figure 5 , aged frost flowers and the brine samples have approximately the same value, while the old frost flowers absorb more sunlight (1. ). In comparison, the maximum rate of sunlight absorption observed for Barrow terrestrial snow at DOY 100 was 3.9 Â 10 12 (photons cm À3 s À1 ); thus the frost flowers absorb approximately 30 to 40 times more sunlight than terrestrial snow, which is broadly consistent with the ratio of light absorption coefficients between the frost flowers and terrestrial snow (Figure 2 ). Even the "low absorbing" marine samples also absorb much more sunlight than terrestrial snow -by factors of 2, 9, and 11 for sea ice, nilas, and seawater, respectively -showing the great potential for photochemical reactions in these sample types.
[26] As illustrated in Figure 4b for the wet frost flowers, known chromophores make only minor contributions to sunlight absorption in our marine samples. For this sample, H 2 O 2 , NO 3 À , and NO 2 À contribute only 0.0075%, 0.095%, and 0.14%, respectively, to the total sunlight absorption, with maximum contributions at specific wavelengths of 0.026% for H 2 O 2 (at 301 nm), 2.1% for NO 3 À (at 309 nm), and 0.50% for NO 2 À (at 361 nm). 99.8% of the sunlight absorbed in this sample is by "residual" chromophores, which are unidentified. As shown in Figure 5 , this is the case for all of our marine samples: on average, unidentified chromophores account for 99.7% of sunlight absorption, while H 2 O 2 , NO 3 À , and NO 2 À account for 0.002%, 0.08%, and 0.13%, respectively.
Contributions of CDOM to Light Absorption
[27] For terrestrial snow samples from Barrow we found that organic chromophores -essentially humics, fulvics, and HULIS -contributed significantly to the measured light absorption . In this section we explore the importance of organic chromophores in our marine samples. As shown in Figure S1 , the shapes of our light absorption spectra are all similar, although the absorption coefficients in our samples vary by over an order of magnitude. Compared to CDOM spectra from midlatitude waters [Helms et al., 2008] , our absorption spectra have shapes that are most similar in shape to that of bay CDOM, though the magnitudes of absorption in our samples are lower and more similar to midlatitude coastal and open-ocean CDOM ( Figure S1 ). These similarities suggest that CDOM is the dominant soluble chromophore in our samples.
[28] Following the idea of Helms et al. [2008] , we use absorption spectra slope ratios (S R ; equation 2) to help identify possible source regions of the CDOM in our marine samples. Helms et al. [2008] show that values of S R < 1 arise from terrestrial aquatic systems, S R > 1 are associated with bays and coastal oceanic systems and S R values approaching 10 are associated with deep open ocean waters. Similarly, Stedmon et al. [2011] show S R values of approximately 20 for open Arctic Ocean surface waters. The slope ratios for our marine samples, shown in Table 2 , are all between 1.4 and 1.9, suggesting that the CDOM in the Barrow ice and seawater originated from coastal marine waters, probably with terrestrial inputs from local rivers. This is consistent with Stedmon et al. [2011] , who were able to quantify mixing from terrestrial/riverine, autochthonous, and oceanic CDOM sources in the Arctic ocean. The one outlier in our samples is marine surface snow, which has a S R of 10, indicating a source that is different from terrestrial, riverine or surface ocean sources. For the frost flowers, values of S R increase modestly with sample age from the wet to old samples, which is consistent with the effect of photobleaching on CDOM and its light absorption slope ratios [Helms et al., 2008] . However, the aged frost flowers (which are intermediate in age) have the lowest value of S R , which is inconsistent with the expectation that photobleaching increases S R .
[29] To estimate DOC concentrations in our samples, we use the coastal water correlation between CDOM absorptions at 275 and 295 nm and DOC concentration that was previously applied to determine DOC concentrations of 70-400 mM C for Alaskan coastal waters [Fichot and Benner, 2011] . Using this correlation we estimate a DOC concentration in Barrow seawater of 130 mM, which is consistent with the broad range observed by Fichot and Benner [2011] . We get the same DOC level for Barrow seawater if we use the DOC/CDOM correlation developed from North Sea and Atlantic Ocean samples by Ferrari [2000] . Using Fichot and Benner's DOC / CDOM relationship for Barrow seawater we estimate that average organic carbon concentrations are 20 mM C in marine surface snows, 26 mM C in sea ice, and up to 360 mM C in frost flowers ( Research, 2012) , DOC in Antarctic sea ice ranges from 1.5 to 32 mM [Riedel et al., 2008] , and Arctic Ocean surface waters contain 60 to 137 mM DOC [Amon and Benner, 2003] . In comparison, the six major rivers discharging into the Arctic basin on average contain 335 mM C during March [Stedmon et al., 2011] . The increase of DOC from seawater to brines to frost flowers indicated by our data is consistent with the enrichment of many species that occurs during formation of brine and frost flowers from seawater [e.g., Alvarez-Aviles et al., 2008; Douglas et al., 2012] . Similarly, Bowman and Deming [2010] find that bacteria and particulate extracellular polysaccharides (pEPS) are increased in frost flowers and brines compared to the underlying ice surfaces. Their measurement of pEPS corresponds to 4.4 mM C in frost flowers, which is 10 times higher than our DOC estimate. However, this is not inconsistent with our frost flower DOC estimates, since we filtered our samples, which should remove the bulk of pEPS.
Photochemical Production of OH and NO 2 -
From Known Chromophores
[30] Figures 6a and 6b show the wavelength-dependent OH production rates from photolysis of H 2 O 2 , NO 3 À , and NO 2 À in the wet frost flower sample (the same sample displayed in Figures 3 and 4) . The total OH production rate in noon-time sunlight is 21 Â 10 À12 (mol L À1 s À1 ), with photolysis of H 2 O 2 , NO 3 À , and NO 2 À contributing 66, 5, and 29%, respectively. Photoreaction of CDOM is another potential source of OH, but we cannot meaningfully quantify this pathway, as discussed below. Figure 7 shows the contributions of the known chromophores to OH formation in (Figure 7 ). This rate in surface snow is larger than the depth-integrated OH production rate from H 2 O 2 in Barrow windpacks and snow on sea ice of 0.3 Â 10 À12 (mol L À1 s À1 for a snowpack of 10 cm depth) derived by France et al. [2012] . The rates are different because France et al. [2012] These values are higher than our estimates for Barrow, but they were made for mid-day conditions in summer at Summit, with much higher HOOH levels (3.5-13.6 mM) in snow.
[31] We have also estimated the rate of nitrite (NO 2 -) formation from the photolysis of nitrate (NO 3 -) (equation 5b). From this simple calculation the total rate of NO 2 À production in sunlight is, on average, 3 Â 10 À13 (mol L À1 s À1 ) for all sample types, roughly one-third of the rate of production of NO 2 and OH from nitrate photolysis. Compared to the OH production rate from all modeled reactions, nitrite photoformation is, on average, only 1.6% as large, and thus a minor process in the photochemistry of our marine samples.
OH Production From CDOM
[32] As described in section 4.3, CDOM appears to dominate sunlight absorption in our seawater, brine, frost flower, and marine snow and ice samples. Although we have not characterized the accompanying photochemical reactions of CDOM in our samples, they likely include formation of OH. CDOM is also photo-(and bio-) degraded into smaller humic-like and protein-like organic fragments and ultimately forms mainly dissolved inorganic carbon [Coble, 2007, and references therein]. Here we focus on OH photoformation, since that has been more studied than other CDOM pathways. Published rates of OH formation in marine waters À (green line) to calculated total OH production from these chromophores in the wet frost flower sample on DOY 75.
for Antarctic open ocean and coastal waters [Qian et al., 2001 ] to (32-420) Â 10 À12 (mol L À1 s À1 ) for inland waters of Florida . In the two studies where the sources of OH were examined, an "unidentified" sourcelikely CDOM -was by far the dominant contributor, accounting for 88% to over 95% of OH photoformation for several different midlatitude surface waters Takeda et al., 2004] .
[33] We can use these data to estimate potential CDOMderived OH production rates in our marine samples. Most simply, we first estimate rates by assuming that the production rate of OH in our Barrow seawater sample is the same as that measured for Antarctic coastal waters (0.5 Â 10 À12 (mol L À1 s À1 ); Qian et al. [2001] ) and scale this rate to the estimated DOC concentration for our other samples (Table 1) . In this case, the OH production rate from CDOM photoreaction is always small (with a maximum of 1 Â 10 À12 (mol L À1 s À1 ) for wet frost flowers) compared to photolysis of HOOH, NO 3 À , and NO 2 À in each sample (Figure 7) . These rates are likely too low, given that CDOM dominates sunlight absorption in our samples, and that CDOM is the dominant source of OH in other surface marine waters.
[34] As a second method, we estimate CDOM-derived OH production in our Barrow samples by multiplying our estimated DOC concentrations (Table 1) by the average ratio of (CDOM-derived OH production rate) / (DOC concentration) for surface Seto Inland Sea and Yellow Seawaters from Takeda et al. [2004] (i.e., 0.06 Â 10
À12
(mol L À1 s À1 / mM-C)). Although only this paper reports both OH production from "unknown" chromophores and DOC levels in whole water samples, Grannas et al. [2006] report a similar ratio, roughly 0.02 Â 10 À12 (mol L À1 s À1 / mM-C) for DOM fractions isolated from an Alaskan lake illuminated with UV laser light. Applying the Takeda ratio results in a CDOM-derived OH production rate of 8 Â 10 À12 (mol L À1 s À1 ) for Barrow seawater, which is 16 times higher than the value estimated from Qian et al. [2001] . Estimated rates in our other samples range from (1-2) Â 10 À12 (mol L À1 s
À1
) in marine surface snows and sea ice to 20 Â 10 À12 (mol L À1 s À1 ) in wet frost flowers. In all cases, these estimated rates of OH production from CDOM are comparable to the total rate from illumination of H 2 O 2 , NO 3 À , and NO 2 À in each sample ( Figure 7 ). However, given that our estimates of OH production from CDOM could be an order of magnitude less than this (as described above), determining the true contribution of CDOM photoreactions in samples such as ours will require measurements of OH production.
Summary and Implications
[35] The chromophores that are most commonly measured in snow -H 2 O 2 , NO 3 À , and NO 2 À -on average account for less than 1% of sunlight absorption in our marine samples. Instead, nearly all of the light absorption in our samples is due to unidentified "residual" species that are likely dominated by chromophoric dissolved organic matter (CDOM). Light absorption coefficients for frost flowers on first-year sea ice are, on average, 40 times larger than values in terrestrial snow samples at Barrow, suggesting tremendous rates of photochemical reactions in frost flowers. A similar conclusion was made based on elevated aldehyde concentrations in frost flowers [Douglas et al., 2012] . Analyzing the residual spectra as marine chromophoric dissolved organic matter (CDOM), we find that frost flowers and brines are significantly enriched in CDOM, confirming that brine expulsion and frost flower formation result in higher concentrations of chemical species. We estimate the amount of dissolved organic carbon (DOC) in Barrow seawater and frost flowers as 130 and 360 mM C, respectively.
[36] If CDOM is the main group of chromophores, as it appears, then these compounds could also be a major source of OH in our samples. Given that both bacteria and extracellular polysaccharides are elevated in frost flowers and brines compared to the underlying ice surfaces [Bowman and Deming, 2010] , the photoformation of OH from CDOM and other chromophores likely leads to significant oxidation of these organics and, perhaps, release of volatile organic compounds to the boundary layer. Similar organic processing likely also occurs from the direct photodegradation reactions of CDOM. The high photochemical reactivity of frost flowers and brine might also impact inorganic chemistry in polar regions, e.g., the photoformed OH can oxidize bromide on snow or in solution to release gaseous Figure 7 . Mean calculated OH production rates by known chromophores, shown as stacked bars for H 2 O 2 (blue), NO 3 À (red), and NO 2 À (green). FF = frost flowers, MSS = marine surface snows, i.e., snowpack on top of sea-ice. Data on individual samples, including collection dates, are listed in Table S1 .
reactive bromine. In turn, these organic and inorganic reactions might impact biological processes in brine, ice, and snow.
